Caulobacter crescentus displays a simple, obligatory developmental program that requires a cell differentiation event prior to the initiation of DNA replication and cell division (4) . C. crescentus divides asymmetrically to produce two morphologically distinct cell types: a nonmotile stalked cell and a flagellated swarmer cell. Each of these cells possesses unique polar appendages which are synthesized in a cell cycle-dependent manner. After cell division, the stalked cell acts as a stem cell, immediately initiating DNA replication and another round of cell division. The swarmer cell, however, must differentiate into a stalked cell prior to the initiation of DNA replication and cell division. This differentiation event requires, among other things, loss of the polar flagellum, pili, and chemoreceptors, and the biogenesis of a stalk at the site previously occupied by the flagellum. Although much is known about the structural changes that occur during swarmer-to-stalk differentiation, the complete mechanism by which this crucial developmental event is controlled is unknown.
Recently, a new subfamily of small GTP-binding proteins has been identified in a diverse number of organisms ranging from humans to Archaea to Bacteria. This evolutionary conservation between distantly related species suggests that this family of GTP-binding proteins has a fundamental, but unknown, cellular role(s). The first member of this subfamily identified is encoded by an essential gene from Bacillus subtilis called obg (29) . Therefore, this subfamily is referred to as the Obg family.
Insights into the mechanism by which the Obg proteins function have been gleaned from studies of bacteria that undergo a developmental program. B. subtilis and Streptomyces griseus both undergo an optional developmental pathway that culminates in the production of spores. In these bacteria, it has been demonstrated that Obg plays a crucial role in sporulation and cell growth. For example, examination of conditional obg mutations in B. subtilis (13, 30) demonstrated that obg is an essential gene that is required for the onset of sporulation and DNA replication. Decreases in GTP levels during nutrient starvation are thought to initiate sporulation (17, 18) . Therefore, it has been proposed that Obg functions by sensing intracellular GTP levels, leading to the initiation of sporulation in both B. subtilis (13) and S. griseus (20) . The prediction is that Obg-GTP (the activated form) prevents the activation of the phosphorelay system that leads to sporulation and promotes continuation of the cell cycle (presumably at a checkpoint prior to the onset of DNA replication). During nutrient starvation, lowered GTP levels and higher GDP levels will increase the inactive form of the protein, Obg-GDP. Under these conditions, DNA synthesis is inhibited and the sporulation pathway is derepressed. Thus, Obg in its GTP-bound form stimulates growth and prevents sporulation. Consistent with this model, it has been demonstrated that overproduction of the S. griseus Obg homolog prevents the development of aerial mycelium without affecting vegetative growth (20) . In these cells, the total levels of Obg-GTP should be increased and result in continued repression of the sporulation signal transduction pathway. Since activated Obg is necessary for vegetative growth, increased levels of the active protein do not result in a growth phenotype.
From these studies, it is clear that activated Obg may play two distinct roles: that of stimulating growth in all cells and, in organisms that sporulate, inhibition of sporulation. One possibility is that Obg proteins function by monitoring the intracellular GTP state of the cell and thereby controlling cell growth. Alternatively, cell cycle control could be the result of regulation of the guanine nucleotide-bound state of these proteins by regulatory factors and effector proteins. To address the role of this evolutionarily conserved GTP-binding protein in cell growth and to determine the mechanism of function, it is necessary to examine this protein in an organism that does not sporulate and one in which cell cycle events can be easily monitored.
Caulobacter is an ideal model system in which to dissect the role of this protein because cell cycle expression patterns can be easily determined and the molecular and genetic advantages of a bacterial system can also be exploited (3, 9, 14) . Most significantly, Caulobacter cultures are readily synchronizable, allowing analysis of events occurring at specific points throughout the cell cycle (7).
We describe here the isolation and characterization of the C. crescentus obg homolog, cgtA. We have demonstrated that cgtA is essential, consistent with the idea that CgtA plays a pivotal role in C. crescentus. CgtA protein levels do not significantly change during the cell cycle. These data are consistent with the idea that CgtA has a crucial cellular function, perhaps that of a molecular switch.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH5␣ was used as the recipient in molecular cloning experiments. E. coli S17-1 was the donor in bacterial matings. E. coli BL21(DE3) LysS was used to overproduce the Histagged CgtA protein. JM565 was generated by transformation of JM557 with helper plasmid pJM182, followed by excision of the chromosomal cgtA gene after selection for loss of sacB by plating the cells on 5% sucrose and screening the survivors for Tet r , Str r , and Kan s . JM674 was generated by introducing pJS04 into JM565. After these cells had been cultured for several days without tetracycline, the resulting colonies were screened for Tet s . Strain JM669 was generated by introducing pJS04 into NA1000.
Media and reagents. E. coli cells were grown at 37°C on Luria-Bertani (LB) broth or LB agar. C. crescentus was grown in PYE or M2G minimal medium (6) at 30°C. The following antibiotics were added at the following final concentrations (in micrograms per milliliter) for E. coli and C. crescentus, respectively: ampicillin, 100 and 20; kanamycin, 10 and 5; tetracycline, 10 and 2; spectinomycin, 30 and 20. T4 DNA polymerase, T4 polynucleotide kinase, T4 DNA ligase, and Klenow enzyme and restriction enzymes were obtained from New England Biolabs, Boehringer Mannheim, or Promega and used in accordance with the manufacturer's specifications. Ludox LS was purchased from Dupont. Other reagents were obtained from Sigma Chemical Co.
DNA manipulations. DNA preparation and manipulation and the other molecular biology techniques used were essentially as previously described (24) . Transformations of E. coli were done by electroporation. Transfer of plasmids to C. crescentus was done by mating with E. coli S17-1 as previously described (6) . E. coli clones for sequencing were obtained by subcloning specific DNA fragments into Bluescript SKϩ or SKϪ plasmids (Stratagene, La Jolla, Calif.). The DNA sequences of both strands of the 1.5-kb SacI-HindIII fragment containing cgtA were determined by the dideoxy method with a Taquence kit (U.S. Biochemicals). The deduced amino acid sequence was compared to the protein database by using the National Center for Biotechnology Information Blast program (1) .
Construction of a cgtA deletion allele. Plasmid mutants carrying the disrupted C. crescentus cgtA gene were created by inserting the ⍀ (spectinomycin-streptomycin resistance) cassette into cgtA. DNA containing the 3.0-kb PstI-EcoRI cgtA fragment was cloned into the integrating vector pBGST18 to create pJM534. A deletion insertion mutant form of cgtA was generated by replacing the 638-bp internal StuI fragment (results in the removal of amino acids 52 to 264) from pJM534 with the 2.2-kb ⍀ cassette (21) to generate pJM540. This DNA cassette contains a spectinomycin-streptomycin resistance gene cassette flanked by transcriptional and translational stop signals. The sacB gene of B. subtilis (from pIC20R-sacB) was inserted into the polylinker of pJM540 at the PstI site to create plasmid pJM541. Disruption of the chromosomal cgtA gene was accomplished by standard methods (23) and is briefly described in Results.
Overproduction, purification, and antibody production. To facilitate our analysis of CgtA, we generated antisera to amino acids 9 to 171 of CgtA by immunizing rabbits with purified T7 leader-polyhistidine-CgtA fusion protein. We fused the internal 498-bp BglII-SalI fragment of cgtA into the BamHI-SalI sites of pET28c. This construct, pJM574, produces a hybrid protein of 233 amino acid residues with a predicted molecular mass of 25,079 Da.
To isolate and purify the fusion protein, 1 liter of LB broth was inoculated with an overnight culture of strain BL21(DE3) LysS containing pJM574. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a 1 mM final concentration, and the cells were grown for 2 h at 37°C. After the cells were harvested by centrifugation (5,000 ϫ g, 10 min, 4°C), the pellet was suspended in 10 ml of binding buffer with denaturant (20 mM Tris-HCl [pH 7.9], 0.5 M NaCl, 5 mM imidiazole, 6 M urea). The cells were sonicated twice with 30-s pulses and then centrifuged at 39,000 ϫ g for 15 min at 4°C. The supernatant was loaded onto a 2-ml nickel affinity column (Novagen) previously rinsed with 25 ml of binding buffer and 15 ml of wash buffer (20 mM Tris-HCl [pH 7.9], 0.5 mM imidiazole, 6 M urea). The protein was eluted with 10 ml of elution buffer (0.5 M imidiazole, 0.5 M Tris-HCl, 0.5 M NaCl). Approximately 10 mg of purified protein per liter was obtained.
Two rabbits were immunized with weekly boosts of approximately 200 g of fusion protein. The CgtA fusion protein elicited a strong and specific response in both rabbits, and the antisera bind to a protein that migrates at the size expected for CgtA in whole-cell extracts of wild-type C. crescentus or in E. coli extracts expressing the fusion protein.
Immunoblotting. C. crescentus cells were synchronized by Ludox centrifugation as previously described (7) . Cell extracts from equivalent numbers of cells were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophore- 
RESULTS
Cloning and sequencing of cgtA. C. crescentus strains containing cosmid clone pJM182 produce larger swarm colonies (as assayed by movement on motility agar) than do control cells (14a). The gene responsible for the altered motility through swarm agar was named ssdA for swarmer-to-stalk differentiation. In subcloning and sequencing of the region adjacent to ssdA, cgtA was identified as the gene upstream of ssdA. The genomic region containing the cgtA gene, its restriction map, and putative assignment of proximal genes are illustrated in Fig. 1 .
The 2.25-kb PstI-to-HindIII fragment was characterized by restriction mapping and subsequent DNA sequencing of suitable DNA fragments cloned into Bluescript SKϩ or SKϪ. The complete nucleotide sequence was determined on both strands. The nucleotide sequence revealed the presence of one major open reading frame (ORF) flanked by two partial ORFs. On the basis of similarity between this ORF and the Obg family of GTP-binding proteins, we have named this gene cgtA for Caulobacter GTP-binding protein.
cgtA is predicted to encode a protein of 354 amino acids with a calculated mass of 37,814 Da and an isoelectric point of 4.81. The predicted start codon is an ATG and is preceded by a putative ribosome-binding site. The codon usage of this ORF is consistent with that of other Caulobacter genes; 87% of the nucleotides in the third position of codons were either G or C, similar to other GϩC-rich organisms. A hydropathy profile, determined by the method of Kyte and Doolittle (13a), of the deduced amino acid sequence of CgtA did not predict any transmembrane segments.
Similarity to other proteins. C. crescentus CgtA displays striking sequence identity (greater than 50% over the first two-thirds of the protein) to several members of the Obg family of GTP-binding proteins (Fig. 2) . Although CgtA is most similar to bacterial homologs, it is clearly a member of this widespread family of proteins. CgtA contains each of the conserved amino acids that define members of this subfamily, including the GTP-binding domains (G1 and G4) and the effector-binding regions (switch I and switch II). Within the conserved 65-amino-acid GTP-binding region between G1 and switch II, CgtA was significantly conserved (42 to 75% identity) from Bacteria to Archaea to humans. In addition, CgtA belongs to the subclass of Obg proteins that possess an extended Nterminal glycine-rich domain not found in many of the eukaryotic or archaeal homologs. As is typical for this subfamily of proteins, the C terminus of CgtA is not well conserved and no posttranslational modification sites are apparent. Interestingly, there is an exceptionally acidic domain (EEEIDDDEDHV DE) near the C-terminal region of the CgtA protein. A similar acidic domain is found in some, but not all, of the Obg homologs.
Partial sequence analysis of the region adjacent to cgtA reveals that the tentative gene assignments and the order are L21, L27, orfx, ssdA, cgtA, and proB. In other bacteria, the obg homolog is often physically linked to the genes encoding the ribosomal L21 and L27 proteins. For example, in B. subtilis, the order is L21-ORF-L27-spo0B-obg (29) , while in E. coli and H. influenzae, the order is L21-L27-conserved ORF-obg, and in S. griseus, the order is simply L21-L27-obg (20) . The genes downstream are not conserved. The significance of the chromosomal order, if any, is unknown.
cgtA is an essential gene. To test whether CgtA is required for cell growth, we constructed an insertion deletion allele of cgtA and replaced the chromosomal copy with this null allele. To do this, a cgtA insertion deletion mutation (⌬cgtA::⍀) was cloned into an integrating plasmid containing the sacB gene (pJM541). This plasmid possesses approximately 950 bp of Caulobacter DNA upstream and 550 bp downstream of the ⍀ cassette insertional sites. The plasmid containing ⌬cgtA::⍀ was integrated by homologous recombination into the chromosome of NA1000, resulting in a duplication of cgtA with one wild-type allele and one disrupted allele (JM557). Selection for the loss of the plasmid and the duplicated cgtA gene was performed by plating integrants on sucrose-containing medium (12) . Only cells losing the sacB gene are able to grow in the presence of sucrose. In doing this, we obtained only plasmid excision events that reconstructed the wild-type gene (no Spc r colonies among 380 examined). This result implies that either cgtA is essential or excision of the plasmid via the flanking DNA sequences is extremely biased.
To demonstrate that excision events could occur on either side of the insertion deletion, we investigated whether such events would occur if an additional copy of cgtA was provided in trans. To do this, we repeated these experiments with the strain containing the integrated disruption allele (JM557) with the cosmid containing the intact cgtA gene (pJM182). Once again, we selected for plasmid loss (plating these cells on sucrose) and screened the resulting candidates for retention of the insertion deletion allele in the chromosome (Spc r ). In this case, 98% (721 of 739) of the colonies carried wild-type cgtA on the chromosome (Tet r Spc s and Kan s ) and 2% (18 of 739) had the chromosomal cgtA null allele, ⌬cgtA::Spc (Tet r Spc r Kan s ). In addition, we observed several colonies (3.5% of the total) that appeared to retain the duplication in the chromosome, as they were Kan r . These survivors were presumably due to spontaneous mutations in sacB and are not included in the data reported above. These data indicate that ⌬cgtA::⍀ mutants can be isolated, albeit at a low frequency, in strains containing a wild-type copy of cgtA in trans.
To address the question of whether survival of a chromosomally disrupted cgtA mutant requires the complementing cgtA on the helper plasmid, we examined the rate of plasmid loss after several generations of nonselective growth. When the cosmid pJM182 was used in wild-type cells, the plasmid was lost at a very high rate (84% loss after 2 days, 150 colonies examined). However, even after 9 days of nonselective growth and continuous subculturing (approximately 50 generations), pJM182 was not lost in the ⌬cgtA::⍀ strain (576 colonies examined). Similar results were obtained by using a smaller plasmid containing only the cgtA gene, pJS04. Within 5 days, pJS04 was lost by 98% of the JM669 control cells (100 cells examined) whereas 100% of the nonselectively grown disrupted 
cells (JM674) retained the helper plasmid (150 cells examined
). These data demonstrate that the plasmid-borne cgtA copy was absolutely required to support growth when chromosomal cgtA was nonfunctional. Collectively, these data demonstrate that cgtA is essential, consistent with the idea that this gene has an important cellular function. These data also indicate that there is not another functional equivalent of cgtA in Caulobacter, as confirmed by Southern blot analysis (data not shown).
Intracellular levels of CgtA do not fluctuate during the cell cycle. To investigate whether CgtA protein levels vary as the organism proceeds through the cell cycle, we performed a cell cycle immunoblot. Homogeneous swarmer cells were isolated and allowed to progress through the cell cycle. The relative intracellular levels of CgtA throughout the cell cycle were determined by immunoblot analysis (Fig. 3) . Expression of the cell cycle-regulated McpA protein was determined as a control for the synchrony. These data demonstrate that the total CgtA protein level does not significantly vary during the cell cycle.
To assay the effect of a modest increase in CgtA levels in C. crescentus, we introduced additional copies of cgtA on a medium-copy plasmid, pJS12, or the pMR10 control plasmid. NA1000 cells containing these plasmids were equivalent in growth rate and viability in PYE at 30°C. Western blot analysis indicated that the CgtA protein levels of strains containing pJS12 were identical to those of strains containing pMR10 (data not shown). Thus, the increase in cgtA copy number did not result in an increase in the CgtA protein level, suggesting that the expression of CgtA may be negatively autoregulated.
DISCUSSION
The critical amino acids necessary for GDP-GTP binding, GDP exchange, and GTP hydrolysis are conserved in all monomeric GTP-binding proteins (2) . These residues are present in the Obg family, with two major exceptions. In the G1 domain, all members of the Obg family, including CgtA, have a proline (amino acid 167) at critical glycine 12 (H-Ras position). In Ras, a proline is the only substitution that does not result in an activated form of the protein (26) . This family also has a leucine at position 61 (H-Ras position). In Ras, the Q61L mutation results in activated Ras. Although this site is required for function, deviations occur in several of the subfamilies (2) . It may be that these protein families have different GTP-binding affinities and hydrolysis rates.
The G2 and G3 domains are highly conserved among members of the same subfamily but not between subfamilies (2). These domains are likely to play an essential role in the recognition of upstream or downstream effector proteins and have thus been called the effector domains or the switch I and switch II regions. Residues 30 to 38 (switch I) and 60 to 76 (switch II) of Ras form a continuous stretch of about 40 Å on the molecular surface (5, 15) . Upon exchange of GDP or GTP, these domains undergo a conformational change (15, 25) . It has been proposed that this conformational change is the signal that is detected by the GTPase-specific downstream effector molecules. In fact, interacting proteins that bind specifically to the GDP form (for guanine nucleotide exchange factors) or the GTP form (GTPase-activating proteins and downstream effectors) of the GTP-binding protein are proposed to be mediated through interactions with exposed switch I and switch II domains (8, 16, 31) .
The Obg subfamily shares considerable similarity in the conserved switch I and switch II domains (Fig. 2) . Such conservation implies that these proteins interact with conserved effector and regulatory proteins. In Ras, a conserved threonine (Thr35) in the switch I domain is also required to coordinate the ␥-phosphate of the nucleotide with the Mg 2ϩ ion. The Obg-like proteins have two threonines in the switch I domain (amino acids 191 and 192). Based on position alone, it is unclear which, if either, of these residues corresponds to the critical Thr35 of H-Ras.
In B. subtilis, it has been demonstrated that Obg possesses a low autophosphorylation rate (33) . Based on the liability of the phosphorylation, it was proposed that the phosphorylation may be on His188 (33) . The role of this modest phosphorylation is unknown. However, if autophosphorylation of the Obg subfamily of GTP-binding proteins is ubiquitous, the site of phosphorylation in other members of this subfamily must be at a residue other than a histidine since most Obg homologs do not have a histidine residue in the switch II domain. The most likely site(s) of phosphorylation would be one of the conserved threonines (amino acid 191 or 192), since these residues should be proximal to the GTP ␥-phosphate. Additional autophosphorylation assays and mutagenesis of these residues will resolve this issue.
Several of the Obg-like proteins share a highly conserved glycine-rich N terminus. The role of these regions is unknown; however, this domain is crucial for Obg function in at least one organism. In B. subtilis, the only obg temperature-sensitive mutation identified after an extensive screen was due to two amino acid substitutions in the N-terminal region (13) . Through second-site suppressor analysis, it appears that the critical change was G79E. This glycine is conserved in every homolog with an N-terminal extension, implying that this domain plays a pivotal role in the function of CgtA.
In B. subtilis and S. griseus, activated Obg may play a role in preventing development of sporulation, presumably by repressing the sporulation phosphorelay system by an unknown mechanism. In the current model, in sporulation, Obg acts as an intracellular switch to monitor intracellular levels of GTP. In this manner, Obg-GTP promotes growth and inhibits sporulation. Under starvation conditions, the intracellular pools of GTP are reduced and there is a shift from Obg-GTP-bound to Obg-GDP-bound protein. Since Obg-GDP is incapable of promoting growth, the cells undergo a developmental program.
It appears that all organisms, including those that do not sporulate, have at least one Obg homolog. In the two cases examined, it has been demonstrated that this gene is essential (13) . Furthermore, Obg has been implicated in the onset of DNA replication in B. subtilis. In C. crescentus, the onset of DNA replication is controlled by one or more phosphorelay systems. Several of the genes that may be involved in initiating DNA replication have been identified (11, 19, 22, 32) ; however, the initiating signal is unknown. Given the proposed relation- ship of the B. subtilis Obg protein in controlling the onset of DNA replication, it is of interest to determine whether CgtA in Caulobacter plays a similar role.
We have demonstrated that CgtA is a minor, yet essential protein found throughout the Caulobacter cell cycle. Attempts to overproduce CgtA were unsuccessful, suggesting that, perhaps, the intracellular levels of CgtA are regulated. The constitutive presence of CgtA indicates that the regulation of CgtA function is not at the level of total protein in the cell but is likely due to differences in the activation state of CgtA. The activation state is likely to be controlled by either intracellular concentrations of GTP or interactions between CgtA and regulatory proteins.
